Metazoan germ cells develop as sperm or oocytes, depending on chromosomal sex, extrinsic 25 signaling from somatic tissue and intrinsic factors within the germ cells. Gamete fate regulatory 26 networks have been analyzed in nematodes, flies and mammals, but only in C. elegans have 27 terminal intrinsic regulators been identified, which include a Tob/BTG protein family member, 28 FOG-3. Canonical Tob/BTG proteins function as monomeric adaptor proteins that link RNA 29 binding proteins to deadenylases. To ask if FOG-3 functions similarly, we first determined its 30 crystal structure. FOG-3 harbors a classical Tob/BTG fold, but unlike other Tob/BTG proteins,
sizing column elution profile gave no hint of polymerization, but polymerization might require a biochemistry, and used the crystal structure to design lysine mutations at non-conserved residues that could facilitate intra-and inter-dimer crosslinking with the addition of a chemical ( Supplementary Fig. 3a-c) . This FOG-3 "lysine mutant," which harbored four residues mutated harbored a missense mutation (R14K) postulated to impede dimerization. Attempts to crosslink 185 this R14K mutant generated very little dimer and no multimer signal (Supplementary Fig. 3f ).
186
These results support our structural model that certain FOG-3 missense mutants disrupt 187 dimerization.
188
No previously identified FOG-3 missense mutants disrupted the dimer-dimer interface 189 specifically. P125L and A132T highlighted the importance of the linker-helix extension for FOG-190 3 function, but their wild-type residues were not implicated specifically in polymerization. The 191 two R14s of one dimer made contacts with the neighboring dimer, but they were also associated 192 with planar stacking for dimerization ( Fig. 1e) . Thus, we lacked a mutation that disrupts 193 polymerization specifically. The FOG-3 structure revealed a glutamate (E126) on the solvent 194 exposed surface of the linker-helix that contacts the neighboring dimer ( Fig. 2c) . We reasoned 195 that changing E126 to a positively charged amino acid (E126K) would disrupt polymerization.
196
Indeed, chemical crosslinking of a FOG-3 lysine mutant with an E126K mutation had little effect 197 on dimer crosslinking, but prevented formation of higher ordered multimer species 198 ( Supplementary Fig. 3f ). We conclude that FOG-3 dimer-dimer contacts facilitate 199 polymerization. To test the importance of polymerization to sperm fate specification in vivo, we 200 used CRISPR-Cas9 gene editing 23, see Online Methods to introduce the E126K change in the 201 endogenous fog-3 gene. Animals homozygous for either of two independent E126K alleles were 202 unable to make sperm and instead had a fully penetrant Fog phenotype (Fig. 2e,f) . Therefore,
203
FOG-3 is likely to function as a polymer to promote sperm fate.
iCLIP is more stringent than probe-based microarray methods for identifying targets 27 , we FOG-3 from these sperm-fated germ cells. We conclude that FOG-3 binds directly to targets 233 that belong largely to the oogenesis program.
234
We mapped the sites of FOG-3 binding within its targets. A majority of its binding sites 235 mapped to 3'UTRs ( Fig. 4a,b and Supplementary Fig. 4i,j) . Few peaks were observed in the 236 5'UTR and coding regions ( Fig. 4a,b) , implying that FOG-3 binding is largely restricted to 237 3'UTRs. If FOG-3 binds RNA as a polymer, it should leave an extensive footprint. Consistent 238 with this idea, 624 of 955 protein-coding genes (65.3%) had two or more sequence peaks that 239 spanned 3'UTRs ( Fig. 4c,d and Supplementary Fig. 4i-k) . This binding pattern is reminiscent 240 of 3'UTR multi-site RNA binding proteins, like HuR 28 . Gaps between peaks might signify 241 authentic absences of FOG-3 binding or they might represent preferred sites of enzymatic 242 digestion during iCLIP (see Methods). We sought motifs enriched near FOG-3 binding sites and 243 found enrichment of a CUCAC motif ( Supplementary Fig. 4l , p value < 1.8 x 10 -229 ). CUCA is 244 part of the GLD-1/STAR signature motif 29 . GLD-1 regulates germline sex determination, but it 245 can promote either the sperm or oocyte fate 30 . We conclude that FOG-3 binds across 3'UTRs 246 of its target mRNAs and suggest that it specifies the sperm fate by repressing mRNAs in the 247 oogenic program.
249

DISCUSSION
250
Regulation of gene expression lies at the heart of cell fate specification. Here we connect a 251 poorly understood cell fate decision, specification of the sperm fate, with an unexpected RNA-252 binding regulatory polymer. We find that the FOG-3 protein can assemble as a polymer in vitro, 253 that its polymerization is critical for sperm fate specification in vivo and that FOG-3 binds a 254 battery of oogenic mRNAs directly, preferentially at multiple sites throughout their 3'UTRs.
255
These advances into understanding the molecular basis of the sperm fate decision were made 256 possible by solving the crystal structure of a key regulatory protein that then could be queried 257 with missense mutations and CRISPR/Cas9 gene editing to test the importance of structural 258 features. Our findings support a model in which the FOG-3 polymer binds across 3'UTRs to 259 regulate the sperm fate ( Fig. 4e) . Our model further suggests that mRNAs may wrap around the 260 FOG-3 polymer, an idea based on speculation that the positions of co-crystallized sulfates may 261 be potential mRNA phosphate backbone binding sites. By this reasoning, the FOG-3 polymer 262 would package its target mRNAs ( Fig. 4e) . This model is reminiscent of viral assembly proteins 263 that form helical polymers to package RNA genomes 31 . Another example is Bicaudal-C (bicc1), 264 which multimerizes via its SAM domain to regulate RNA localization and translational silencing 265 32 . In our study, recombinant FOG-3 alone was not sufficient to robustly form polymers at low 266 protein concentrations ( Supplementary Fig. 2a ). Like viral assembly proteins and other nucleic 267 acid binding polymers 33 , FOG-3 may require an mRNA scaffold to form collaborative filaments.
268
Our analysis of FOG-3 mRNA targets greatly improves our understanding of how FOG-3 269 regulates sperm fate specification. First, a previous study seeking FOG-3 associated mRNAs 270 used an older technology with microarrays 11 and did not find as convincing an enrichment for 271 oogenic mRNAs ( Supplementary Fig. 6g,h) . Our use of iCLIP demonstrates that virtually all 272 (~94%) FOG-3 targets belong to the oogenic program ( Fig. 3f) , even though spermatogenic 273 germ cells were used to find the FOG-3 targets. Second, it was not known prior to this work that 274 FOG-3 is itself an RNA-binding protein and therefore it could not be known where it binds. Here
275
we demonstrate that FOG-3 not only binds directly to RNA but it binds to 3'UTRs of its target enzymes to regulate mRNA expression 34, 35 . Indeed, mammalian BTG/Tob proteins regulate mechanism. FOG-3 lacks conservation at sites corresponding to the mammalian protein binding or to localize its targets for repression. We do not yet know if FOG-3 provides associates with a set of common oogenic mRNAs 11 . Another candidate might be the GLD-1 286 STAR/Quaking RNA binding protein, an idea based on the enrichment in FOG-3 target 3'UTRs 287 for the core GLD-1 RNA binding motif 29 (Supplementary Fig. 6i ). Because GLD-1 influences FOG-3 protease cleavage. Recombinant, full length FOG-3 with a C-terminal histidine tag was incubated with trypsin (Sigma-Aldrich) and elastase (Sigma-Aldrich) at room temperature prior to SDS-PAGE. The gel was stained with Coomassie to visualize cleavage products. Sample was also cleaved with trypsin or elastase for 45 minutes at room temperature (~20°C) and submitted for mass spectrometry (University of Wisconsin-Madison Biotechnology Center). The mass spectrometry fragment that most closely matched the SDS-PAGE band mapped to residues 1-135 for trypsin and 1-142 for elastase. Sequence alignments showed conservation up until residue 137, and thus we focused our structural efforts on this fragment.
Protein folding assay. The protein folding assay used followed published protocols 3 Both conditions were reproducible, but we were able to collect complete datasets from the crystals grown directly from the condition B screening trays. Phasing was accomplished with molecular replacement using Phaser 4 and a human Tob homolog (PDB ID: 2Z15) as a starting model. Model building and refinement were done in Phenix 5 and Coot 6 . Water molecules were first modeled by Phenix before checked manually. Three densities were too big to be water molecules. We could model one of the densities with sulfate. Two densities were observed in the solvent-accessible area adjacent to residues 52-56 in both copies in the ASU. Density is observed at FoFc contour levels past 6 sigma. We attempted modeling of acetate (too small) and citrate (too large), both present in the crystallization conditions, but the fit was unsatisfactory. Thus, the final uploaded model does not account for these two large densities.
Coordinates and reflection data are available at RCSB (PDB ID: 5TD6).
Negative stain electron microscopy. Samples were negative stained with Nano-W (Nanoprobes, Yaphank, NY) using the two-step method. A 2 µl droplet of samples was placed on a Pioloform (Ted Pella) coated 300 mesh Cu Thin-Bar grid (EMS, Hatfield, PA), coating side down. The excess was wicked with filter paper and allowed to barely dry. A 2 µl droplet of Nano-W applied, wicked again with clean new filter paper, and allowed to dry. The sample was viewed on a Philips CM120 transmission electron microscope at 80 kV and documented with a SIS (Olympus / Soft Imaging Systems) MegaView III digital camera.
Molecular Genetics
Worm maintenance. C. elegans were maintained as described previously 7 C. elegans CRISPR. CRISPR of fog-3 was achieved using a dpy-10 roller co-injection strategy 8 .
Briefly, an sgRNA construct containing the U6 promoter and sgRNA scaffold from pDD162 9 along with the targeting sequence caatcagtccccgagtacg (pJK1910) and ggttctgaccacgtactcg (pJK1925) were cloned into the XmaI site of pUC19 using one step isothermal DNA assembly. The repair template was a 99 nt ssDNA oligo (ataaaaatactttaaatttcatttttccagctaccaatcagtc-cccAagtaTgtTgtcCgaaccgctgcaatccgcgcggagccttgctcgaatcttgg, IDT) that inserted an E126K mutation and removed an AvaI restriction site. Injections were performed in young N2 hermaphrodite C. elegans, using fog-3 sgRNA plasmids, dpy-10 sgRNA plasmid, fog-3 E126K repair template, and Cas9 plasmid as described 8 , and F1 rollers were screened for the desired mutation by PCR and AvaI digest. Two alleles, q847 and q849, were recovered from separate injected animals and therefore represent independent editing events. We verified the fog-3 mutations by Sanger sequencing. Homozygous mutants had a Fog phenotype and thus could only produce oocytes. These worms were outcrossed twice with N2 before crossing with JK2739 containing balancer hT2[qIs48](I;III).
Fertility and Fog phenotype. Heterozygous and homozygous fog-3(q847), or fog-3(q849), were singled onto plates as L4 larvae. After 3 and 4 days, worms were scored for the presence of L1 larvae and Fog phenotype. Four q847 homozygous worms ruptured and died by day 3, and thus could not be properly scored.
iCLIP
In vivo crosslinking and immunoprecipitation (iCLIP) was carried out essentially as described 10 , with modifications to worm growth, crosslinking, lysis and RNase digestion described here.
Nematode culture and UV crosslinking for iCLIP. C. elegans strain JK4871 L1 larvae were obtained by bleaching and synchronizing by standard methods 11 . Larvae were plated onto 10 cm OP50 plates (~50,000 per plate) and propagated at 20°C for ~40-46 hours until most of the worms were at the early L4 stage when FOG-3 expression is greatest. Worms were washed with M9 (42.3 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 , 85.6 mM NaCl, 1 mM MgSO 4 ), pooled into 250,000 worm samples, and placed on a 10 cm NGM agarose plate. Liquid was removed from the plate as much as possible. Animals were irradiated two times sequentially at 254 nm with 0.9999 J/cm 2 in a XL-1000 UV Crosslinker (Spectrolinker). Non-crosslinked samples were incubated at room temperature as a negative control for the radiolabeled gel (Fig 3) . For the iCLIP negative control, we performed the pulldown of crosslinked JK4871 worm lysate with beads alone (no antibody). Worms were rinsed from the plates with cold M9, washed once, and transferred to a 2 mL Eppendorf tube. The pellet was washed again in freezing buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10% (wt/vol) glycerol, 0.05% (vol/vol) tween 20) and frozen with liquid nitrogen. Pellets were stored at -80ºC until use.
Lysis and RNA digestion. C. elegans pellets were thawed by adding ice cold lysis buffer (50 mM Tris pH 7.5, 100 mM NaCl, 1% Pierce NP-40, 0.1% SDS, 0.5% sodium deoxycholate, Roche cOmplete EDTA-free Protease Inhibitor Cocktail, Ambion ANTI-RNase) and incubated for 20 minutes at 4ºC with rocking. The thawed pellets were centrifuged at 1,000 x g, 4 ºC for 1 minute and washed 3 times with ice cold lysis buffer. Lysis buffer was added to the pellet along with a 5 mm stainless steel ball (Retsch). Lysis was performed in the cold room using a 400 MM mill mixer (Retsch). Lysis was completed after three 10 minute cycles at a setting of 30 Hz, with four-minute freeze-thaws after the first and second cycles. Freeze-thaws were performed by immersion in liquid nitrogen for 1 minute, then returning to liquid state by immersion in room temperature water for 4 minutes. Worm lysis was confirmed by observing a small aliquot of final lysate on a dissection scope. The lysate was cleared by centrifugation for 15 minutes at 16,100 x g, 4ºC. Protein concentration of the cleared lysate was determined with the Direct Detect spectrometer (EMD Millipore). Our pellets containing 250,000 worms yielded ~12 mg/mL of total protein, and we used 10 mg total protein per biological replicate. Double RNase digestion of protein-RNA complexes was performed as previously described 12 . For the first digestion, which occurred immediately after lysis and just prior to immunoprecipitation, guanosine specific RNase T1 (ThermoFisher) was added to the cleared lysate at a final concentration of 1 Unit/µL. The sample was incubated in a Thermomixer for 15 minutes at 22 ºC, 1100 rpm and then cooled on ice for 5 minutes. Protein G Dynabeads (Life Technologies) were aliquoted to a fresh RNase-free roundbottom tube (USA Scientific). The tube was placed on a Dynal magnet (Invitrogen), the existing buffer was removed, and M2 FLAG antibody (Sigma-Aldrich) added at 20 µg antibody to 3 mg Protein G dynabeads in PBS-T (PBS pH 7.2 (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO4, 1.8 mM KH 2 PO4), 0.02% Tween-20). The beads plus antibody solution was incubated at room temperature on a rotator for 45 minutes. The tube was again placed on the magnet, the antibody solution removed, and the cleared lysate was added. Immunoprecipitation was carried out overnight at 4 ºC. As a negative control, we performed the pulldown of crosslinked JK4871 worm lysate with beads alone (no antibody).
Following immunoprecipitation, the beads were washed as described 10 , with minor modifications. We performed washes in the cold room (~4 ºC) with two wash buffers: a high-salt wash buffer (50 mM Tris-HCl pH 7.5, 1 M NaCl, 1 mM EDTA, 1% Pierce NP-40, 0.1% SDS, 0.5% sodium deoxycholate) and PNK buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCl2, 0.2% Tween-20). The second RNase T1 digestion was then performed on the washed beads at a final concentration of 100 Units/µL in PNK buffer. Samples were incubated in a Thermomixer for 15 minutes at 22 ºC shaking at 1100 rpm, cooled on ice for 5 minutes, and then processed through the remaining iCLIP protocol as described 10 . We confirmed immunoprecipitation of FOG-3 from experimental versus negative control samples by immunoblot with an M2 FLAG antibody (Supplementary Fig. 4b) . We confirmed that 3xFLAG-FOG-3 crosslinked to RNA by visualizing 5' radioactively labeled RNA bound to the FOG-3 protein when antibody was present on the beads ( Fig. 3d and Supplementary Fig. 4d) .
Single-end sequencing was performed on an Illumina HiSeq 2000 (University of Wisconsin Biotechnology Center). The cDNA library of each replicate was prepared with a unique "Rclip" reverse transcription primer (as in Huppertz, et al. 10 ), which contained a partially randomized sequence (i.e., a "barcode"). The constant portion of the barcode enabled each read to be identified by replicate and allowed for replicate multiplexing. The randomized portion of the barcode allowed for computational filtering of artifacts from individual reads caused by PCR amplification of the cDNAs, such as read duplication. After high-throughput sequencing, the barcode sequence preceded the cDNA sequence and thus could be easily identified and removed prior to read mapping. iCLIP sequence analysis. Reads (Supplementary Table 2, Tab 1, column B) were aligned to the WS235 genome using STAR 13 and previously described parameters 14 , except for the parameter --alignEndsType Local (mismatches at the ends of reads are tolerated). Multimapping reads were removed, and high-confidence mappings were selected as those with alignment scores of at least 20 (Supplementary Table 2 , Tab 1, column C). PCR duplicates were collapsed to unique reads (Supplementary Table 2 , Tab 1, column E) using the method described in Weyn-Vanhentenryck, et al. 15 . Reads were assigned to genes using HTSeq 16 . CIMS (crosslinking induced mutation sites) and CITS (crosslink induced truncation sites) analyses were performed as described previously 15 , except we did not require CIMS to reproduce between replicates, and are included in Supplementary Table 3 , tab 3. For peak analysis, "clusters" were defined as regions of overlapping reads. Using the reads indicated in Supplementary Table 2 , tab 1 (column E), all reads within a gene had their position randomized 1000 times to empirically determine a cluster p value as the odds of having a cluster with the given maximum read depth from randomized read positions. This is similar to the local Poisson method 17 , as the Poisson approximates of read scrambling. A Benjamini-Hochberg (BH) correction for multiple hypothesis testing was then applied at 1% FDR, resulting in the cluster numbers in Supplementary Table 2 (Tab 2, column F). Finally, only overlapping clusters called independently as significant in at least 2 of the 4 replicates were retained as reproducible clusters, resulting in the cluster numbers in Supplementary Table 2 (Tab 2, column G). Final clusters for FOG-3 and control samples are given Supplementary Table 3 . While this is a simple method that does not account for background RNA abundance, it resulted in only 6 clusters for the negative control samples, suggesting it is effective at removing background in our datasets. We define peaks as all maxima at least 5 reads deep and at least 5% of the highest peak in the given gene; we counted neighboring peaks as distinct only if signal dropped to 50% or less of the lower peak maxima. Our definition of peaks differs from our definition of clusters, which are regions of continuous read coverage that pass the 1% FDR threshold. Clusters extend until iCLIP coverage drops to zero, thereby containing any number of distinct signal concentrations, and motivating our separate definitions of peaks and clusters.
To compare our results with previous FOG-3 RIP results 18 , we calculated overlap with the top 722 FOG-3 targets, and evaluated significance by Fisher's exact test. To determine whether FOG-3 targets were associated with oogenesis, spermatogenesis, or mitosis, we used the method described previously 18 Fig. 4i,j) were generated using Matplotlib 19 Figure 4 Aoki, et al. 
